This article describes the study of corrosion resistance of tin coatings deposited onto aluminum alloy substrates using the low pressure cold spraying and electroplating methods. The chemical corrosion resistance was examined using the Kesternich and cyclic salt spray tests inside SO2 and NaCl climate chambers, respectively. The selected tests allowed simulation of the conditions of the coatings during service. The results were satisfactory for low pressure cold spraying coatings. Coatings produced by electroplating exhibit substantial corrosive losses due to their method of application and low thickness. Evaluation of corrosion were carried out by analyzing changes in the microstructure. Additionally, the physicochemical tests were carried out using X-ray diffraction to verify corrosion changes on the coatings surface.
Introduction
Tin coatings are widely used in the electrotechnical engineering to protect aluminum against electrochemical corrosion. Such corrosion occurs at the moment of aluminum contact with a metal of higher electrochemical potential, such as e.g. copper [1] [2] [3] . There are three commonly used methods of applying tin coatings: (i) electroplating, (ii) hot-dip coating, and (iii) thermal spraying [3] . Coatings produced by electroplating have low thickness, reaching up to 50 µm, hence they are recommended for use in less aggressive environments [2, 3] . Thicker coatings, exceeding 100 µm, can be obtained by hot-dip coating and by thermal spraying. Due to the low cost of the process and the final properties of the obtained coatings, electroplating and thermal spraying are the most commonly used [3] .
Thermal spraying includes such methods as, e.g. flame, arc, and cold spraying. Flame and arc sprayed coatings are characterized by high porosity and strong oxidation, which reduces their corrosion protection capacities [4] . The latest method, very attractive for the corrosion resistance applications, is the cold spray method. One of the variations of this method is low pressure cold spraying (LPCS). In this method, a compressed working gas (usually air or nitrogen) is heated to a temperature in the range of 200-650
• C and accelerated to supersonic velocities when passing through de Laval convergent-divergent nozzle [5, 6] . Powder particles are accelerated by supersonic gas jet at a temperature lower than the melting point of the material. As a result of the high kinetic * corresponding author; e-mail: marcin.winnicki@pwr.edu.pl energy, the solid state particles undergo plastic deformation upon contact with the substrate and mechanical and metallurgical bonding occurs.
The electroplating process requires immersion of whole aluminium element in prepared solution, which is both expensive and harmful to the environment. The cold spraying process enables covering a necessary, even small area of the substrate. The aim of the examinations was to assess and compare the corrosion resistance of tin coatings deposited onto aluminum substrates using the electroplating and LPCS methods.
Materials and methods
All coatings were deposited on the AA1350 substrates 7×25×100 mm 3 in size. Prior to electrolytic plating process, substrate was degreased in a 100 g/l NaOH at 60
• C for 1 min and rinsed with deionized water. Subsequently, samples were dipped in a 50 vol.% HNO 3 at 23
• C for 5 min to activate the surface and rinsed with deionized water. Furthermore, zinc immersion pre-treatment process has been used to remove the residual oxides and to produce a thin layer of zinc to prevent re-oxidation of the aluminium surface [7] [8] [9] [10] . To form a zinc layer, the substrate was immersed in a zinc solution of 25 g/l of ZnO and 170 g/l NaOH at 23
• C for 30 s. In order to increase the density and adhesion of the layer, the substrate was immersed again in the HNO 3 to remove the zinc layer and then in the zinc solution at 23
• C for 30 s, and doubly rinsed. Immediately after zincate solution bath the tin electrolytic plating process was carried out under the condition of 2 A/dm 2 and 75-80
• C in the solution of 80 g/l Na 2 SnO 3 and 8 g/l NaOH.
LPCS coatings were deposited using commercially pure spherical Sn powder with particles size of 45 ± 10 µm. Before spraying the samples were degreased and sand- (1155) blasted with alumina. The coatings were sprayed using a low pressure DYMET 413 device (Table I ). Prior to the corrosion testing the sprayed samples were machined to simulate working conditions. The test in a salt spray chamber with cyclic salt spraying was performed according to polish standard PN-EN ISO 16701-2010P [11] with one modification. In the examinations, after finishing of each stage (A or B) the samples were left for another 12 hours at 22
• C and humidity of 55% RH. The Kesternich test was performed according to polish standard PN-EN ISO 6988-2000P [12] . In both tests ultimately 18 cycles were performed, with a total examination time of 432 hours.
Samples after corrosion tests were analyzed with the Nikon Eclipse MA 200 optical microscope. The crosssections were prepared by cutting the sample 15 mm from the bottom edge.
X-ray diffraction measurements were carried out using Rigaku Ultima IV Diffractometer with Cu Kα irradiation (λ = 1.5406 Å) within the range from 20
• to 90 • in 0.02
• steps with an exposure time of 4 s per point.
Results and discussion

Initial macrostructure
The microstructure of coatings prior to the corrosion test is shown in Figure 1 . The average thickness of the plated tin coatings was 55 µm (Figure 1a ). In the plated coating there is a visible thin layer (≈2.5 µm) of zinc, which remains after pre-treatment process. The thickness of the tin coatings deposited with LPCS was in the range of 250-300 µm (Figure 1b) . 
Macrostructure after corrosion tests
The surfaces of tin coatings before and after corrosion tests are shown in Fig. 2 . It was observed that none of the tested materials exhibited signs of corrosion after 1 cycle in NaCl atmosphere. However after 18 cycles complete dissolution of the coating and local corrosion centers were visible for sample with electroplated tin coating (Fig. 2b) . For tin coating deposited using the Low Pressure Cold Spraying method no surface changes were observed (Fig. 2e) . No changes were visible on the surface of any tested samples after 1 cycle of the corrosion test in a climatic chamber with SO 2 . However after 4 cycles the macroscopic signs of corrosion were found on the surface of the sample with electroplated tin coating. After 18 cycles, about 80% of the surface exhibits aluminum corrosion (Fig. 2c) . In contrast to electroplated tin coating for all coating deposited using the LPCS method no surface changes were observed (Fig. 2f) .
Microstructure of samples after corrosion tests
Microstructure examination of all coatings by light microscopy lead to the conclusion that the plated tin coating exhibits much higher corrosion damages comparing to the LPCS coatings after both the salt spray and Kesternich tests. A dissolution of the plated coating in NaCl atmosphere was observed. The total thickness of the coating after the test was about 18 µm. Moreover also after the test in the SO 2 environment significant dissolution and discontinuities in the plated tin coating were observed (Fig. 3a) . The galvanic cells were created and as a result intensive corrosion of the substrate occurred. The thickness of the remaining after the test coating was only about 10 µm. The LPSC tin coating exhibited minor corrosion changes. The main corrosion areas occurred at the coating/substrate boundary and contained corrosion spots caused by galvanic corrosion (Fig. 3b) . The spots were visible on the side of material with lower potential, i.e. aluminum alloy substrate. The tin coatings exhibit comparable changes after the salt spray and Kesternich tests. There was no thickness loss in LPCS coatings submitted to the Kesternich and the salt spray tests.
Phase composition of coatings before and after corrosion tests
In order to identify the phase composition of the coatings and the corrosion products characterize, XRD measurements were performed. The analysis of the diffraction patterns of all coatings before corrosion tests indicated typical reflections for tin with tetragonal structure (β-Sn) at 2θ values of: 30.6
• , 32. • . For electroplated tin coating additionally low intense diffraction peaks corresponding to AA1350 substrate were indicated. Microstructural changes after the corrosion tests in salt spray chamber were confirmed by XRD measurements (Fig. 4-left side) . The main phase of all coatings was still tetragonal Sn with some low intensity peaks attributed to AA1350 substrate for electroplated tin coating. No additional diffraction peaks reflecting any corrosion products were seen. Microstructural observations showing after the test in SO 2 chamber intensive corrosion for electroplated tin coating were confirmed by XRD measurements (Fig. 4 -right side) . Several additional, small, broad peaks along with intense tin reflections appeared in the XRD pattern. These additional peaks did not fit exactly to any reaction product expected, but some correlation were found with SnO 2 and SnO phases. One diffraction peak at 2θ = 42.7
• was attributed to Zn from the intermediate zinc layer. In the diffraction pattern of tin coating deposited using the Low Pressure Cold Spraying after the test in SO 2 chamber only intense peaks corresponding to tetragonal Sn were indicated. No additional diffraction peaks reflecting any corrosion products were detected.
Conclusions
The comparative tests of corrosion resistance of tin coatings obtained using electroplating and cold spray method clearly indicate higher corrosion resistance of the sprayed coatings. For plated tin coatings the significant changes in the total thickness and complete dissolution of some areas in coating layer were observed. The galvanic cells were created in these areas what resulted in the intensified progress of corrosion deep into the aluminum substrate material. On the contrary, the coatings deposited by LPCS method did not exhibit the loss of thickness, regardless of the applied corrosive environment.
